Previous work from our laboratory showed that the Dictyostelium discoideum SadA protein plays a central role in cell-substrate adhesion. SadA null cells exhibit a loss of adhesion, a disrupted actin cytoskeleton, and a cytokinesis defect. How SadA mediates these phenotypes is unknown. This work addresses the mechanism of SadA function, demonstrating an important role for the C-terminal cytoplasmic tail in SadA function. We found that a SadA tailless mutant was unable to rescue the sadA adhesion deficiency, and overexpression of the SadA tail domain reduced adhesion in wild-type cells. We also show that SadA is closely associated with the actin cytoskeleton. Mutagenesis studies suggested that four serine residues in the tail, S924/S925 and S940/ S941, may regulate association of SadA with the actin cytoskeleton. Glutathione S-transferase pull-down assays identified at least one likely interaction partner of the SadA tail, cortexillin I, a known actin bundling protein.
From an evolutionary point of view, it is interesting that although D. discoideum appeared subsequent to the plant/ animal split, but before the full metazoan and fungal lineage, its genome contains homologous genes found in less ancient branches of the evolutionary tree (3, 14) . Intriguingly, Dictyostelium encodes a number of homologous proteins that are involved in adhesion in higher eukaryotes, such as talin, Rap1, paxillin, and others (7, 21, 24, 32) . Recently, a protein with some attributes of metazoan ␤-integrins was identified in Dictyostelium, but its placement in a cell-substrate adhesion pathway remains to be defined (9, 10) . These Dictyostelium proteins likewise have documented roles in adhesion. With a combination of genetic tractability, great cell biology, and excellent biochemistry, D. discoideum provides a unique model system to dissect the process of substrate adhesion in a less complex system.
Interest in identifying proteins involved in cell-substrate adhesion has become more intense in the Dictyostelium community in the last decade. In a screen for such genes, our lab previously reported on a putative adhesion receptor, SadA (16) . Cells in which the sadA gene was inactivated demonstrated a complete loss of substrate adhesion, whether it was to the growth surface (a petri dish) or to a phagocytic particle (a latex bead) (16) . Furthermore, sadA null cells also exhibited a cytokinesis defect that presumably resulted from the altered F-actin cytoskeleton found in the mutant. SadA is predicted to be a nine-pass transmembrane protein, having no extended sequence similarity to other known proteins, although it does contain 3 epidermal growth factor (EGF)-like repeats in its large amino-terminal extracellular domain. EGF-like domains are found in proteins known to be involved in adhesion, but their function remains unknown (2, 11) .
One notable feature of SadA is its 31-residue carboxy-terminal tail, which is similar in length to that of the ␤-integrins. We hypothesized that this domain of SadA might serve as a link to the actin cytoskeleton. The data we present here demonstrate that SadA is biochemically associated with the actin cytoskeleton. Protein sequence domain analysis suggests that the SadA tail contains sequence motifs that might be targets for posttranslational modifications such as phosphorylation. The results suggest that SadA may be differentially phosphorylated depending on growth conditions. Indeed, mutagenesis of residues S924/S925 and S940/S941 suggests a possible role for phosphorylation as a regulator of SadA-mediated adhesion, as well as for regulated protein-protein interactions. Glutathione S-transferase (GST) pull-down assays using the SadA tail as bait suggest that this domain interacts with cortexillin I, which perhaps serves as a link to the actin cytoskeleton. Based on these results we propose a model outlining a role for SadA as a transmembrane protein-actin cytoskeleton link in Dictyostelium.
MATERIALS AND METHODS
Cell culture. All experiments were performed using strains that have AX3 as the parental background. Cells were grown axenically in HL5 medium (17) with 300 g/ml streptomycin sulfate. Drug selection, when required, was with 10 g/ml blasticidin (Invitrogen) and/or 10 g/ml G418. For normal growth and passaging, cultures were grown in 10-cm petri dishes and passaged every 2 to 3 days to prevent cell densities reaching 5 ϫ 10 6 cells/ml. When large quantities of cells were required, cells were grown in 30-cm petri dishes. For growth in suspension, cells were grown in flasks that held five times the volume used for growth at 22°C, 150 to 200 rpm, in a New Brunswick incubator (model G25).
Molecular biology. A full-length SadA cDNA clone was cloned by reverse transcription-PCR (RT-PCR using mRNA purified from AX3 wild-type adherent cells as input and the Thermoscript RT-PCR system [Invitrogen] ). Secondround PCR amplification was performed with Phusion DNA polymerase (New England BioLabs) using sadA gene-specific primers. To simplify downstream cloning, the 5Ј primer added an AatII restriction site and the 3Ј primer added an NheI restriction site. The gel-purified PCR product was restriction digested with AatII and NheI and cloned into a modified pBluescript KS vector, resulting in the vector pBS-SadA. The modified vector (pBS-MCS) contained an AatII/MluI/ NheI polylinker added into the KpnI site of pBluescript KS. Subsequent to verifying the SadA sequence by DNA sequencing, the AatII-SadA-NheI fragment was subcloned into a modified pTXGFP vector (26) . The pTXGFP vector was modified by adding a AatII/MluI/NheI polyliner at the KpnI site, resulting in the vector pTX-MCS-GFP. The pTX-SadA-GFP vector was transformed into sadA null cells by using an oscillating electroporation protocol (1) with a Bio-Rad Gene Pulser Xcell electroporator. In our hands, the oscillating electroporation method gave substantially higher transformation efficiencies, especially with sadA null cells.
For GST-tail fusion proteins, the coding sequence for the carboxy-terminal tail of SadA, from nucleotide 2763 (residue 921 [Q]) to nucleotide 2856 (residue 952 [K]), was amplified from SadA cDNA by PCR with the forward primer 5Ј-ACA ACG ATT TCC CAA ATG AGA TCT TCT TTC ATT-3Ј, containing an EcoRI site, and the reverse primer 5Ј-TGT TGT GCG GCC GCT TTA TTT CTT AGA TAA ATC GAT-3Ј, containing a NotI site. The SadA fragment was cloned into the pGEX 4T3 vector (GE Healthcare) and then verified by DNA sequencing. The pGEX-SadA tail vectors were transformed into BL21 cells (GE Healthcare) for protein expression. Cells were lysed via detergent lysis or in a French press and purified on glutathione-Sepharose 4B resin (GE Healthcare). Purified protein was dialyzed into 1ϫ phosphate (PBS)-10% glycerol, 0.5 mM phenylmethylsulfonyl fluoride, flash-frozen in an ethanol-dry ice bath, and stored at Ϫ80°C for later use.
For green fluorescent protein (GFP)-trap validation experiments, two expression vectors were constructed, one for the expression of a GFP-SadA fusion protein and the other for a Flag-GFP fusion. Details of the construction of the SadA signal sequence (SS)-GFP-SadA construct in a modified pTX-MCS-GFP vector as well as for the pFlag-GFP vector will be described elsewhere (unpublished data).
Mutagenesis. To engineer phosphorylation site mutations in SadA, the QuikChange II mutagenesis kit (Stratagene) was used. PAGE-purified primers from IDT (Coralville, IA) were used to incorporate the desired mutations (S3A, a nonphosphorylated mimetic, or S3E, a phospho-mimetic change) by using pBS-SadA as a template. Mutations were made in pairs (S924/S925 and S940/ S941) or in threes (S943/S944/S950). In all cases, 10 colonies were picked from each reaction set, plasmids were purified by minipreparation (Invitrogen), and sequences were verified by DNA sequencing. A validated clone carrying only the desired mutation was subcloned into pTX-MCS-GFP by using the AatII and NheI sites. Plasmid DNA isolated with a maxiprep kit (Invitrogen) was subsequently transformed into sadA Ϫ cells by using the oscillating electroporation method.
Triton X-100 solubility assay. Assays were generally carried out according to (20, 28) . Briefly, AX3 wild-type cells were cultured in 10-cm dishes, to yield 2 ϫ 10 6 cells/ml on the day of the experiment. To initiate the experiment, growth medium was replaced with 10 ml of fresh HL-5 medium containing either (i) no additive, (ii) 0.5% dimethyl sulfoxide (DMSO), or (iii) 5 M latrunculin A in DMSO. After 45 min of treatment, cells were harvested into 15-ml conical tubes and placed on ice. Cells were harvested at 500 ϫ g at 4°C and washed once with 1 PIPES buffer [20 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 1 mM MgCl 2 , 50 mM KCl, 5 mM EGTA, 5 mM dithiothreitol (DTT)]. The cells were brought up to a density of 2 ϫ 10 7 cells/ml, and 200 l of cells was added to 200 l of 2ϫ PIPES lysis buffer (40 mM PIPES [pH 6.8], 2 mM MgCl 2 , 100 mM KCl, 10 mM EGTA, 10 mM DTT, 2% Triton X-100). After incubating on ice for 2 min, lysates were centrifuged at 400 ϫ g for 10 min at 4°C. Supernatant and pellet samples were brought up to 1ϫ in SDS-PAGE sample buffer and fractionated on 10% SDS-PAGE gels according to methods described by Laemmli (25) . Gels were transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore) (38) , and subsequently probed with a polyclonal rabbit anti-SadA antibody, stripped, and reprobed with an antiactin antibody (C4; catalog number MAB150R; Millipore).
Generation of a SadA-reactive polyclonal antiserum. The coding sequence for an extracellular region of SadA encompassing amino acids 30 to 273 was amplified by PCR and cloned into the vector pET14b (Novagen). After verification by DNA sequencing, the expression vector was transformed into the E. coli expression strain BL21(DE3). Subsequent to induction the His-tagged SadA protein (His-SadA N1) was purified on nickel beads and used as an immunogen in rabbits (Covance). Resultant antisera were affinity purified on immobilized HisSadA N1 and used for Western blotting applications. The specificity of the SadA N1 antisera was assessed by comparison of reactivity on Western blots containing both wild-type AX3 and sadA Ϫ lysates (G. Amargo, P. Fey, and R. L. Chisholm, unpublished data).
Two-dimensional gel electrophoresis. Wild-type AX3 cells were grown under adherent or nonadherent conditions as described above. Upon reaching the desired cell density, cells were harvested and placed on ice. Subsequent to centrifugation at 500 ϫ g for 5 min at 4°C, medium was removed and twodimensional (2D) sample buffer was added to the cell pellet (6 M urea, 2 M thiourea, 2% ASBC80, 2% Bio-lyte ampholytes, phosphatase inhibitor cocktail). After solubilizing the pellet, DTT was added to a final concentration of 20 mM and samples were placed at Ϫ80°C. First-dimension isoelectric focusing (IEF) was performed using tube gels in a Bio-Rad mini-IEF system. Due to the presence of thiourea in the sample and the gel, an alternative method to polymerize the gel was used, as thiourea interferes with the commonly used APS/ Temed method (27, 30) . Approximately 4 ϫ 10 6 cell equivalents were used for focusing, and a subsequent second-dimension SDS-PAGE was performed. After transfer to PVDF, membranes were probed with a rabbit polyclonal anti-SadA antibody.
Adhesion maintenance assay. Adhesion maintenance assays were performed as described previously (16) . Briefly, 5-cm petri dishes were seeded with 5 ϫ 10 5 cells and allowed to incubate overnight. To initiate the assay, dishes were placed on an orbital rotating shaker (Bellco model 7744-01000 with a 51-cm by 51-cm platform, 2.5-cm orbit), set at a specified speed. After 1 h, nonadherent and adherent cells were harvested into respective 15-ml conical tubes. Cells were counted using a hemocytometer, and the percent cells that were adherent was plotted versus speed of rotation.
GST-tail pull-down assays. GST or GST-tail proteins were added to glutathione-Sepharose beads (GE Healthcare) in equimolar amounts (ϳ6.6 nM or 200 g per 30 l of packed bead bed) which were subsaturating levels of bead binding capacity. After binding bait proteins, beads were blocked with 1% milk in lysis buffer for 1 to 2 h and subsequently washed before the addition of AX3 wild-type lysates (2.6 ϫ 10 7 cell equivalents). During the bait binding and blocking steps, cells were harvested, washed twice with ice-cold PBS, and lysed in lysis buffer (50 mM HEPES [pH 7.5], 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5 mM AEBSF [4-(2-aminoethyl)benzenesulfonylfluoride], 5 g/ml aprotinin, 1 mM benzamidine-HCl, 3 M E64, 5 g/ml leupeptin, 8 M pepstatin A) before being precleared with glutathione-Sepharose beads. Pull-down reactions occurred at 4°C on an end-over-end rotator for no longer than 4 h VOL. 10, 2011 DICTYOSTELIUM DISCOIDEUM SadA-MEDIATED ADHESION 663
(longer incubations resulted in higher backgrounds). Beads were washed three times with lysis buffer, and excess liquid was removed using a Hamilton syringe. An equal volume (30 l) of 2ϫ SDS-PAGE sample buffer was applied to the beads, which were then boiled. Samples were fractionated on either 7.5% or 10% SDS-PAGE gels. For protein identification with mass spectrometry, gels were stained with colloidal Coomassie blue (8) , and excised bands were submitted to the CBC-UIC Research Resources Center Proteomics and Informatics Services Facility. A Thermo LTQ liquid chromatography-tandem mass spectrometry (LC/ MS/MS) instrument was used for peptide analysis. For Western blot analysis, gels were transferred to PVDF (Millipore or Bio-Rad) and probed with the indicated antibodies.
GST-tail phosphorylation site mutant pull-down assays and immunoprecipitations. GST-SadA tail (phospho-mutants) pull-down assays were performed as described above with a slight modification. Prior to cell lysis, cells were treated with 5 m latrunculin A to disrupt the F-actin cytoskeleton. Additionally, lysates were supplemented with 2.5 m latrunculin A during the GST pull-down assay. Subsequent to SDS-PAGE, gels were transferred to Immobilon P membranes. Western blots were probed with an anti-cortexillin I antibody, stripped, and reprobed with an anti-Abp50 antibody. The GFP-Trap (34) experiment was performed with GFP-TrapA beads (GTA-20) obtained from ChromoTek GmbH. Subsequent to harvesting cells (AX3 plus pFLAG-GFP and sadA plus pSS-GFP-SadA), the latter were treated with 5 M latrunculin A and incubated on ice for 90 min to disrupt the actin cytoskeleton. Cells from each strain were subsequently subjected to Triton X-100 treatment, as described for the solubility assays. Supernatant samples were reserved and diluted 1:2 with 2ϫ immunoprecipitation buffer (1ϫ buffer contains 20 mM HEPES [pH 7.5], 50 mM NaCl, 0.5 mM EGTA, 0.5% Triton X-100, 1% n-dodecyl-␤-D-maltoside [catalog number 324355; Calbiochem], 1ϫ protease inhibitor cocktail [catalog number 11836170001; Roche], with or without phosphatase inhibitor cocktail (catalog number 04906845001; Roche]). Diluted lysates (1 ϫ 10 7 cell equivalents) were incubated with GFP-TrapA beads for 90 min at 4°C, followed by washing. An equal volume of 2ϫ protein sample buffer was added to the beads, and samples were fractionated on 10% SDS-PAGE gels followed by transfer to Immobilon P membranes. The blots were probed with a monoclonal anti-cortexillin I antibody.
Live cell microscopy. For live cell imaging, cells were harvested from HL5 medium, washed in phosphate buffer, added to glass-bottom petri dishes (WillCo wells; catalog number GWSt-3522; #1.5), and allowed to adhere for at least 30 min prior to imaging. In some instances, the agar overlay technique was employed to aid in imaging (19) . Cells were imaged with a Nikon C1Si confocal microscope using either 60ϫ or 100ϫ objectives, and images were collected at a resolution of 512 by 512, 1,024 by 1,024, or 2,048 by 2,048 pixels.
Bioinformatic analysis. For bioinformatic analysis, a number of individual Web-based programs were employed. For phosphorylation site predictions, two programs were used, NetPhosK and MiniMotif Miner (4, 5, 31) . For protein identification, the raw mass spectra data files were converted into an mgf file format and searched against a Dictyostelium database using the program Mascot (29) , licensed through the CBC-UIC Research Resources Center Proteomics and Informatics Services Facility at the University of Illinois at Chicago. Search parameters included two missed cleavages with trypsin, carbamidomethyl (C) as fixed and deamidated (NQ) and oxidation (M) as variable modifications, a peptide tolerance of Ϯ2 Da with an MS/MS tolerance of Ϯ0.6 Da, and a peptide charge of ϩ2 and ϩ3, with an ESI-TRAP instrument. To assess the false discovery rate (FDR), the automatic decoy database option was chosen.
RESULTS
SadA associates with the actin cytoskeleton. Initial characterization of the sadA mutant phenotype showed that these cells were defective in cytokinesis. Disruptions of the actin cytoskeleton are one common cause of cytokinesis defects. Consistent with this, sadA knockout cells exhibited an altered actin localization pattern (16) . To further define the interaction of SadA with the cortical actin cytoskeleton, we employed Triton insolubility assays. In this assay, F-actin, as well as closely associated proteins, partition into the insoluble pellet, while other proteins remain soluble (6, 33, 42) . Lysates of wild-type AX3 cells, treated with DMSO or left untreated, were prepared in a buffer containing 1% Triton X-100 and subjected to low-speed centrifugation. Figure 1 shows that the SadA protein was found in the pellet fraction in both untreated and DMSO-treated cells, suggesting a close relationship of SadA with the actin cytoskeleton.
To verify this possible actin association, we treated cells with the drug latrunculin A, which disrupts the F-actin cytoskeleton (36) . When wild-type cells were treated with 5 M latrunculin A, we observed that the majority of the actin and SadA became soluble. This result is consistent with the hypothesis that SadA is associated with the F-actin cytoskeleton. However, it is not clear whether this association is direct or indirect.
Role for the carboxy-terminal tail in SadA function. SadA is predicted to be a nine-pass transmembrane protein, with its amino-terminal domain displayed extracellularly and its carboxy-terminal domain in the cytoplasm. Given the interaction with actin, we were interested in identifying the domain that might mediate this interaction. The carboxy-terminal tail was an attractive candidate to play this role. To test this hypothesis, we prepared a SadA expression construct lacking all but the three residues proximal to the COOH-terminal transmembrane domain of the tail and assessed its ability to rescue the adhesion defect of the sadA null mutant in an adhesion maintenance assay as described previously (16) . When expressed in sadA mutant cells, we observed that the majority of this truncated SadA did not localize to the plasma membrane but was found predominantly in intracellular vesicles ( Fig. 2A) . Not surprisingly, we observed that these cells did not show significant adhesion compared to the sadA Ϫ mutant (Fig. 2B ). When we assessed Triton solubility of the tail deletion mutant, we observed higher levels of the COOH tail deletion mutant in the Triton X-100-soluble fraction, suggesting a decreased association with actin (Fig. 2D) . Therefore, the COOH-terminal tail deletion mutant was unable to fully rescue the sadA null phe-FIG. 1. SadA associates with the F-actin cytoskeleton. AX3 cells grown under adherent conditions received fresh medium (control) or were treated with DMSO or 5 M latrunculin A (LatA). Cells lysed with 1% Triton X-100 (L) were subjected to low-speed centrifugation, divided into pellet (P) and supernatant (S) samples, and fractionated by SDS-PAGE followed by Western blotting. Membranes were probed with a polyclonal SadA antibody followed by a monoclonal anti-actin antibody. In control and DMSO-treated cells, SadA partitioned into the Triton-insoluble pellet, and actin was divided between the pellet and supernatant fractions. When cells were treated with latrunculin A, both SadA and actin were observed to fractionate completely into the Triton X-100-soluble fraction. Next we asked if there might be any consequences of overexpressing this tail domain in a wild-type background. We hypothesized that if the tail was involved in mediating an interaction with actin, an excess of the domain might disrupt endogenous SadA function, perhaps affecting adhesion. To test this hypothesis, we designed a SadA tail expression construct and expressed this domain at high levels in wild-type cells. As can be seen in Fig. 2C , overexpression of the SadA carboxyterminal tail reduced the adhesive properties of wild-type cells, suggesting that excess SadA tail domain might interfere with the ability of endogenous full-length SadA to interact with the actin cytoskeleton. Collectively, these data suggest that the carboxy-terminal cytoplasmic tail of SadA is functionally significant, justifying further exploration into its role.
SadA is a likely target for posttranslational modification. Since the tail domain of SadA seemed to be important for adhesive function, we next tested the hypothesis that SadA might be posttranslationally modified, perhaps depending on the adhesive state of the cells. To assess this question, wildtype cells were grown under adhesive conditions (i.e., in a petri dish), or in shaking suspension, where cells are nonadherent. Lysates were prepared from both growth conditions and subjected to two-dimensional gel electrophoresis followed by Western blotting. As can be observed in Fig. 3A , when cells were grown in suspension the SadA protein showed up to four isoforms, while in plate-grown cells there were only one or two isoforms visible. This apparent acidic shift is consistent with the possibility of SadA becoming phosphorylated.
SadA S924 S925 and SadA S940 S941 alanine and glutamic acid variants mediate quantitatively different adhesive properties. Our data suggest that SadA is closely associated with the F-actin cytoskeleton and appears to be differentially modified depending on the growth state and that the carboxy-terminal cytoplasmic tail is important in adhesion. These findings led us to consider the hypothesis that the tail domain is a target for phosphorylation, perhaps either regulating SadA association with F-actin or in an adhesive function. A scan of the SadA protein sequence using Web-based programs (NetPhos 2.0 server or Mini Motif Miner) (4, 31) identified seven serine residues and one tyrosine residue in the SadA tail region that are potential sites of phosphorylation (Fig. 3B) . To test whether any of these sites in the SadA tail might be functionally significant, we systematically produced serine-to-alanine mutations, to mimic a nonphosphorylated state, and serine-toglutamic acid mutations to mimic a phosphorylated state. These mutations were made in the context of full-length SadA expression constructs that were subsequently expressed in sadA null cells. Table 1 lists the mutants that were tested and summarizes their phenotypic characteristics. Subsequently, these sadA Ϫ rescued strains were assayed to determine their adhesive properties. From the seven SadA mutants generated, both the SadA S924/S925 and S940/S941 mutants demonstrated altered adhesion when assayed. As seen in Fig. 4A , while the wild-type and S924AS925A SadA proteins showed similar levels of adhesive strength, the SadA S924ES925E mutants demonstrated reduced adhesion when subjected to similar shear forces. Similar phenotypes were observed in the S940/S941 mutants, as seen below in Fig. 7A . To ensure that this reduced adhesion was not due to differences in the ability of the mutant proteins to be properly targeted to the plasma membrane, we observed the localization patterns of SadA-GFP-tagged proteins. As can be seen in Fig.  4B , the wild type and both the S924 S925 alanine and glutamic acid mutants of SadA-GFP were found to be localized to the plasma membrane, suggesting the altered adhesion of the serine mutant is unlikely to be due to differential localization to the plasma membrane. Localization of the SadA S940 S941 mutants also demonstrated plasma membrane localization (data not shown). In toto, these results are consistent with the hypothesis that one or more phosphorylation events in the SadA tail regulate adhesion.
The SadA tail interacts with the actin-associated protein cortexillin I. Both the presence of predicted phosphorylation site motifs and the mutational analysis presented above provide evidence that supports a possible role for phosphorylation in the regulation of SadA functions. Next, we wished to determine if the phenotypic differences might result from an altered interaction(s) between the SadA cytoplasmic tail and another possible protein partner(s). To address this question, we performed GST pull-down assays. A GST-SadA tail fusion protein was produced for use as bait in pull-down assays to identify proteins that might interact with the tail. Comparison of the pull-down profiles by using either GST or GST-tail as bait indicated that a number of unique bands were present when the tail was used as bait (Fig. 5A ), but not when GST alone was the bait. Three of these unique bands (indicated with dots) were excised from the gel and subjected to mass spectrometry analysis. A summary of the proteins found in the upper-most band (denoted with a black dot) from the GST-tail pull-down assay is provided in Table 2 . Two very interesting candidate interaction partners, EfaAI (Abp50) and CtxA (cortexillin I), FIG. 3 . 2D and bioinformatic analysis of SadA. (A) AX3 wild-type cells were grown under adherent conditions (plates) or under nonadherent conditions (suspension). Cell lysates were subjected to 2D gel analysis followed by Western blotting with a SadA antibody. Under adherent conditions, only one or two SadA reactive spots were seen. However, when grown in suspension, SadA reactivity was observed in a trail, consisting of three to four distinct spots. This trail may represent posttranslational modifications in the tail (i.e., phosphorylation) resulting in charge-induced isoforms. (B) Cartoon depiction of the cytoplasmic SadA carboxy-terminal tail. Shaded residues highlight the seven serine residues, which are putative sites of phosphorylation in this region. There are no threonines and only one tyrosine residue at position 933 in the tail region. a Seven unique SadA tail phosphorylation site mutants were generated during the course of the study. All mutants exhibited primary localization of SadA-GFP at the plasma membrane. Adhesion maintenance assays, as described in Materials and Methods, were conducted with multiple independent clones. The average speeds (in rpm) at which 50% of the cells remained adherent were estimated from graphs and used in the calculations. The number of independent assays performed for each strain is given in parentheses and was used to calculate the standard deviation. Actin localization was visually assessed on fixed cells probed with an antiactin antibody and was deemed to be cortical if strong signals were observed at the cell periphery. ND, not determined. 
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KOWAL AND CHISHOLM EUKARYOT. CELL were identified. Importantly, both are documented actin binding and/or bundling proteins (12, 15, 41) . Due to the possibility of false-positive associations that can result from either the pull-down assay or the MS-based identification, it was critical to confirm any interaction(s) by an independent method. Furthermore, we wished to ascertain biochemically whether the functional differences between the SadA S924S925 nonphosphorylatable (S3A) and the phospho-mimetic (S3E) tail mutants might exhibit different protein-protein interaction profiles.
In an effort to validate the SadA tail-cortexillin I interaction, and also to uncover any differences in the interaction profile of wild-type or phospho-mimetic or nonmimetic mutations, we performed the GST-tail pull-down experiments using GSTSadA tail proteins as bait with either a nonmutated sequence or with the phosphorylation site mutations. When resultant samples were run on SDS-PAGE gels and stained with Coomassie blue (Fig. 5B) , striking differences were observed in the pull-down profiles. Whereas the GST-tail (wild type [WT] ) and GST-tail (S924AS925A) pull-down products exhibited very similar profiles, the GST-tail (S924ES925E) product showed a completely different profile. Samples from GST-tail pull-down assays from replicate experiments were transferred to PVDF following the SDS-PAGE, and Western blots were subsequently probed with antibodies specific to either Abp50 or CtxA (241-438-1). As can be seen in Fig. 6A , when membranes were probed with either of these antibodies, very clear differences were observed. Whereas cortexillin I reactivity was observed only when GST-tail (WT) or GST-tail (S924AS925A) was used, Abp50 reactivity was seen in both experimental and control (GST-alone) pull-down experiments. The latter result suggests that Abp50 binds nonspecifically with the glutathioneSepharose beads and is likely a false positive in the MS identification.
To independently validate the SadA-cortexillin I interaction, a pull-down assay using GFP-Trap beads was employed (34, 39) . When the GFP-SadA protein was immunoprecipitated with GFP-Trap, an interaction with cortexillin I was observed only in the absence of phosphatase inhibitors, but not in their presence or in control pull-down experiments (Fig. 6B) . Together these two pieces of data provide evidence supporting cortexillin I as an interaction partner of the SadA tail. However, the experiments do not allow us to determine if the interaction is direct or indirect.
To determine if the SadA S940 S941 mutants also exhibited a similar biochemical phenotype, GST-tail pull-down assays were also conducted with these respective mutants. Interestingly, whereas the protein profiles for the GST-tail (WT) and FIG. 5 . Identifying SadA tail-interacting proteins. (A) AX3 wildtype lysates were incubated with glutathione-Sepharose beads prebound with either GST (as a negative control) or with a GST-SadA tail fusion protein (wild-type sequence). GST and GST-tail lanes represent beads treated as described for experimental samples but without added lysate, to identify any nonspecific bands from the purified protein sample. The lysate lane represents beads treated as for the experimental samples but without any added bait protein, to observe proteins that nonspecifically bound to the beads. Three of the unique bands were excised from the gel (marked with black dots) and submitted for protein identification via mass spectrometry. (B) GST pull-down assay using GST-tail (WT), GST-tail (S924AS925A), or GST-tail (S924ES925E) fusion proteins as bait. GST, GST-tail, and the far right lysate samples were obtained as described for panel A. The lysate lane next to the molecular weight marker lane represents 1% of the amount of lysate used for pull-down assays. a The data shown are Mascot search results for the unique molecular weight band nearest the 50-kDa marker (denoted with a dot; see Fig. 5A ). Search results were output into a csv file, and protein hits were sorted in descending order, based on protein score. The top 10 protein hits, within the 60-to 40-kDa cutoff, are listed. The FDR was computed to be 5.71%.
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GST-tail (S924AS925A) were considerably different from that of the GST-tail (S924ES925E) pull-down products, little difference was observed between the GST-tail S940S941 mutants and GST-tail (WT) (Fig. 7B) . However, when Western blots of pull-down products with the GST-tail (S940S941) mutants were probed with an anti-cortexillin I antibody, specific reactivity was observed only in the wild-type and S940AS941A baits, but there was little to no reactivity with the S940ES941E bait (Fig. 7C) .
DISCUSSION
In a screen for proteins involved in cell-substrate adhesion in the social amoeba Dictyostelium discoideum, our laboratory previously reported the identification of the SadA protein (16) . When the gene encoding SadA was disrupted, cells exhibited a number of intriguing phenotypes. SadA mutants are incapable of cell-substrate adhesion, show strong cytokinesis and phagocytosis defects, and have an abnormal F-actin cytoskeleton. The present work details a preliminary investigation into the mechanisms underlying these phenotypes. Our results demonstrate that SadA is associated with the F-actin cytoskeleton and that the carboxy-terminal cytoplasmic tail is important for SadA adhesive function. This cytoplasmic tail contains several phosphorylation site consensus domains that were assessed for functional roles by using mutagenesis. In addition, we have provided evidence suggesting that this tail associates with the known actin bundling protein cortexillin A. This suggests a model for how SadA might interact with the actin cytoskeleton (Fig. 8) .
Association of SadA with the F-actin cytoskeleton: a role for the tail? In an effort to understand the association of SadA with the actin cytoskeleton, we employed Triton X-100 solubility studies. It has been well demonstrated that proteins that associate with the actin cytoskeleton pellet with the Tritoninsoluble fraction, whereas unassociated proteins will remain in the soluble fraction (6, 33, 42) . When AX3 wild-type cells were lysed with Triton X-100, we in fact found that SadA fractionated into the pellet, indicative of an interaction between SadA and F-actin. However, when cells were treated with the F-actin depolymerizing drug latrunculin A prior to lysis with Triton X-100, SadA was found to repartition into the Triton-soluble fraction. This result suggests an association be- FIG. 6 . Testing the interaction between cortexillin I and SadA. (A) GST pull-down assay using GST-SadA tail (WT), GST-SadA tail (S924AS925A), or GST-SadA tail (S924ES925E) as bait. GST pulldown assays were carried out as described for Fig. 5 , except that samples were treated with latrunculin A both before and subsequent to lysis to disrupt F-actin. The left-most lysate lane represents 1% of lysate, used as input into the pull-down reaction. The right-most lysate lane represents a mock pull-down sample (input lysate that was reacted with baitless beads). Subsequent to the pull-down assays, samples were fractionated on 10% SDS-PAGE gels, transferred to PVDF membranes, probed with an anti-cortexillin I antibody (241-438-1), stripped, and reprobed with an anti-Abp50 antibody. (B) GFP-trap pull-down assay. Prior to the pull-down assay, cells were subjected to Triton X-100 treatment as described for the solubility assays and divided between soluble and insoluble fractions. The 400 ϫ g supernant (soluble) fraction from either sadA Ϫ cells expressing a GFP-SadA fusion protein (treated with latrunculin A) or from AX3 cells expressing a Flag-GFP fusion protein was applied to GFP-Trap beads and allowed to react. Resultant pull-down samples were subjected to SDS-PAGE, followed by transfer to PVDF. The membrane was probed with the anti-cortexillin I antibody. When the SadA carboxy-terminal tail domain was overexpressed in AX3 wild-type cells, we observed adhesion defects. The most likely explanation for this dominant phenotype is that the overexpressed tail domain competes with the endogenous SadA tail for binding of some partner, effectively reducing its binding to the endogenous tail. Taken together, these observations suggest that the SadA carboxy-terminal tail is important for normal SadA function.
SadA: a putative phosphoprotein. The finding that the SadA tail is important for adhesive function led us to examine the protein sequence of this region for consensus sequences. Interestingly, 7 out of the 31 (ϳ23%) amino acids in the tail are serine residues-sites for possible phosphorylation. The observation that SadA in suspension-grown cells showed additional negatively charged isoforms compared to plate-grown cells supports the idea that SadA might be phosphorylated in nonadherent cells. To assess this question more directly, we employed a mutagenesis approach to determine possible functional consequences of changing serines to either alanine (to mimic the nonphosphorylated state) or to glutamic acid (to mimic the phosphorylated state).
Functionally and biochemically (see below), two sites showed very intriguing differences. When resistance to shear stress was assessed we found that the SadA S924AS925A protein was able to rescue adhesion to near-wild-type levels, whereas the phospho-mimetic mutant, SadA S924ES925E, demonstrated a weaker level of adhesion. Although we don't know if modification is required at one or both of these sites, this result suggests that phosphorylation might be important. That both of these mutant proteins were able to localize to the plasma membrane argues against the observed functional difference being due to protein mislocalization. Furthermore, these data coincide with the results from the 2D analysis, in which SadA from adherent wild-type cells showed fewer charge isoforms than did cells grown in suspension. These observations are consistent with the hypothesis that the phosphorylation state correlates with the adhesive state.
SadA interacts with cortexillin. The dominant negative phenotype of the overexpressed tail domain coupled with the possibility that posttranslational modifications in the tail domain might correlate with adhesion led us to explore potential binding partners for the SadA tail. Using a GST-SadA tail fusion protein as bait in pull-down assays, we showed that the tail is able to pull down multiple partners. GST-SadA tail mutants (S924AS925A or S924ES925E) were also used as bait in pulldown assays, and distinct differences were observed in the protein interaction profiles. Similar to the functional differences observed in the adhesion assays, we observed that the wild-type SadA tail sequence exhibited a similar profile to that of the GST-SadA S924AS925A tail. The GST-SadA S924ES925E tail had a noticeably unique profile: it was clear that the phospho-mimetic mutant was unable to interact with the same proteins as the wild-type or alanine mutant.
Two interesting candidate binding proteins were found in the mass spectrometry-based protein identification experiments: Abp50 (EfaAI) and cortexillin I (CtxA), both of which have known roles in F-actin binding. Abp50, besides being a translational elongation factor, has been found to have F-actin bundling characteristics (12, 13, 41) . The exact role for this binding has not been uncovered; however, it has been suggested that F-actin may be used as a sink for Abp50 to regulate protein translation (23) .
Cortexillin I was originally identified in a screen for proteins that precipitated with the F-actin cytoskeleton (15) . The Dictyostelium genome codes for two cortexillin proteins. Cortexillin I has a carboxy-terminal nonapeptide sequence that interacts with PIP2 (37) . Knockout of either proteins results in fairly mild phenotypes; however, ctxA cells show a higher level of cytokinesis defect and are flatter than ctxB cells. Cortexillin I forms homodimers via a coiled-coil domain and bundles F-actin primarily in an antiparallel fashion (15) .
Although cortexillin I is found in the cytoplasm of vegetatively growing cells, as its name implies it is enriched at the cortex (15) , where SadA is also localized. Subsequently, cortexillin I was found to play an extremely important role during cytokinesis, where it localizes almost exclusively to the cleavage furrow (40) . It is interesting that ctxA null cells exhibited increased membrane elasticity (i.e., less energy was required to During the processes of cell motility and phagocytosis, the cell must have a dynamic linkage between the actin cytoskeleton and membrane receptor in order to generate the forces necessary for the cell to move or to engulf a particle, respectively. The interaction between SadA and CtxA in our proposed model might be one mechanism that Dictyostelium has developed to perform these tasks.
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DICTYOSTELIUM DISCOIDEUM SadA-MEDIATED ADHESION 669 deform the membrane), similar to that of the membrane-actin linker protein talin A (35) . That study also showed that ctxA cells were less adhesive than wild-type cells, although the talin A null cells had the weakest adhesion energy, in agreement with the adhesion phenotype of the talA mutant. We would expect that sadA cells would also exhibit similar defects, due to the mislocalized actin cytoskeleton in this mutant. To provide independent validation of possible SadA binding of these candidate proteins (Abp50 and CtxA), Western blot analysis was used to identify proteins associated with wild-type and mutant GST-tail protein in pull-down assays and in a GFP-Trap pull-down assay. When blots were probed with an anti-Abp50 antibody (gift of D. Knecht [12] ), Abp50 reactivity was observed in all the experimental samples, demonstrating that this was a false positive. In a tour de force experiment attempting to define a "bead proteome," Trinkle-Mulcahy et al. found that EfaAI was also identified as a false-positive interaction protein, and so our result is perhaps not surprising (39) . That anti-cortexillin I antibody reactivity was only observed when GST-tail wild type and S924AS925A were used as bait, but not in any of the other experimental samples, providing additional evidence that the SadA-cortexillin I interaction is significant. It is especially interesting that anti-cortexillin A reactivity was not observed when the GST-SadA S924ES925E tail was used as bait. These data are further supported by the finding in the GFP-Trap pull-down assay, in which cortexillin I reactivity was only observed in the absence of phosphatase inhibitors (Fig. 6B) , which would likely increase the amount of a non-phospho-SadA isoform. It must be emphasized, however, that our experimental approach did not allow us to distinguish if the interaction is direct or, alternatively, occurs through an intermediary protein. Therefore, the exact nature of the interaction remains to be demonstrated. Regardless, our results suggest that in vivo phosphorylation could act as a regulator that controls the SadA and cortexillin I interaction.
Conclusions and a proposed model for SadA-CtxA function. Loss of the sadA gene, besides causing loss of cell-substrate adhesion, also compromises the F-actin cytoskeleton as well as processes that are dependent on an intact cytoskeleton, such as cytokinesis and phagocytosis (16) . How SadA mediates these various effects is unknown. The work presented in this report provides some insight into the mechanisms of SadA function. Our data suggest that the carboxy-terminal tail of SadA is functionally important and is a likely site for an interaction with the F-actin bundling protein CtxA. Furthermore, this link between SadA and CtxA is an extremely interesting candidate for providing the connection between SadA and the F-actin cytoskeleton. Evidence suggests that SadA is differentially phosphorylated (Fig. 3A) , and that potential phosphorylation events in the carboxy-terminal tail may be used to regulate protein-protein interactions (Fig. 5C and 6C) , specifically with CtxA.
We envision that SadA acts as an adhesion receptor, forming a link to the actin cytoskeleton via cortexillin I and perhaps other yet-unidentified proteins. Upon SadA incorporation into a nascent adhesion site, we hypothesize that the SadA tail will be in an unphosphorylated state, competent for interacting with CtxA and thereby mediating SadA's association with the F-actin cytoskeleton. This SadA-CtxA-F-actin linkage would provide mechanical strength to the adhesion site and perhaps be capable of generating tension to aid in migration or strengthened adhesion. Subsequent phosphorylation of the SadA tail would reduce the interaction with CtxA, thereby breaking the link between SadA and the F-actin cytoskeleton and relieving any mechanical tension.
Preliminary evidence from total internal reflection fluorescence microscopy (TIRFM) analysis of sadA null cells rescued with a sadA-GFP expression construct indicates that SadA-GFP is incorporated into transient foci on the surface apposed region of the cell. Characterization of these foci, as well as other potential components of the foci, is of considerable interest and would be useful in testing our hypothesis. It is likely that SadA is not the sole mediator of substrate adhesion during the vegetative stage of Dictyostelium amoebae. The Sib (similar to integrin beta) proteins, of which there are five different genes encoded in the genome, are also receptor candidates (9, 10) . While only two Sib proteins (A and C) are expressed during vegetative growth, all five members have been shown to interact with TalA (Dictyostelium talin homologue), which consequently has also been shown to have a role in substrate adhesion. Regardless of the identity or number of receptors involved in cell-substrate adhesion, our model provides an interesting working model for how SadA might be the link between the extracellular substrate and the intracellular actin cytoskeleton.
